Abstract There are over 10,000 C2H2-type zinc finger (ZF) domains distributed among more than 1,000 ZF proteins in the human genome. These domains are frequently observed to be involved in sequence-specific DNA binding, and uncharacterized domains are typically assumed to facilitate DNA interactions. However, some ZFs also facilitate binding to proteins or RNA. Over 100 Cys2-His2 (C2H2) ZF-protein interactions have been described. We initially attempted a bioinformatics analysis to identify sequence features that would predict a DNA-or proteinbinding function. These efforts were complicated by several issues, including uncertainties about the full functional capabilities of the ZFs. We therefore applied an unbiased approach to directly examine the potential for ZFs to facilitate DNA or protein interactions. The human OLF-1/ EBF associated zinc finger (OAZ) protein was used as a model. The human O/E-1-associated zinc finger protein (hOAZ) contains 30 ZFs in 6 clusters, some of which have been previously indicated in DNA or protein interactions. DNA binding was assessed using a target site selection (CAST) assay, and protein binding was assessed using a yeast two-hybrid assay. We observed that clusters known to bind DNA could facilitate specific protein interactions, but clusters known to bind protein did not facilitate specific DNA interactions. Our primary conclusion is that DNA binding is a more restricted function of ZFs, and that their potential for mediating protein interactions is likely greater. These results suggest that the role of C2H2 ZF domains in protein interactions has probably been underestimated. The implication of these findings for the prediction of ZF function is discussed.
Introduction
Zinc finger (ZF) domains are small, self-folding protein structures that coordinate the binding of a zinc ion between conserved amino acids, generally cysteines and/or histidines. Although there are 20 different types of ZF domains, each categorized by the structure of their zinc stabilizing residues, the most common type is the Cys 2 -His 2 (C2H2) type [1, 2] . C2H2 fingers contain the consensus sequence (F/Y)-X-C-X 2-5 -C-X3-(F/Y)-X 5 -W-X 2 -H-X 3-4 -H, where X is any amino acid and W is any hydrophobic residue [3] . This motif folds to form a bba structure, and is so named for the coordinated binding of a zinc ion by two conserved cysteine and histidine residues that provide additional stability to the fold [4] [5] [6] [7] . C2H2 domains were initially identified as the sequence-specific DNA binding domain of transcription factor TFIIIA in Xenopus laevis [8] . The domain is frequently found in DNA binding proteins where amino acids in the C-terminal a-helix of the fold recognize and bind specific DNA sequences, typically 2-4 nucleotides [3] . Since their discovery over 20 years ago, recognition of the importance of the C2H2 ZF domain has grown, in part because of their broad distribution throughout all kingdoms, representing as much as 2-3% of the eukaryotic proteome [2, 9, 10] . They have proven to be as diverse as they are abundant. Although they are still primarily considered the DNA binding domain of many transcription factors, C2H2 ZFs also mediate interactions with proteins and RNA, perform structural roles, or have undetermined functions [11] [12] [13] [14] . For example, the review adjoining this article describes over 100 C2H2 ZF-protein interactions that have been documented in the literature [15] .
Zinc finger proteins may contain between 1 and 40 ZF domains, which are frequently arranged in groups or clusters of tandem arrays. Typically, only 3-4 ZFs in a multi-finger protein are involved in DNA binding. This suggests that the remaining fingers could be involved in other types of interactions. Some illustrative examples include the 6-finger IKAROS protein, which contains four DNA-binding ZFs and two protein-binding ZFs, the 9-finger FOG protein, which contains four DNA-binding ZFs and four protein-binding ZFs, and the 9-finger TFIIIA protein, which contains two clusters of three DNA-binding ZFs, three or four RNA-binding ZFs, and some fingers that appear to be involved in both DNA-and protein-binding [14, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Even the 3-finger proteins Zif268/EGR1 and SP1, in which all three ZFs are known to bind DNA, have been shown to mediate protein interactions with their ZFs [27] [28] [29] . Therefore, the common functional annotation of a ZF-containing protein as DNA-binding, while not inaccurate, is not sufficient to describe the full functionality provided by the ZF domains. To fully understand the diverse functions mediated by the enormous family of C2H2 ZF proteins, a more accurate annotation of their component ZF functions is required.
We initially attempted to identify sequence features that would predict a DNA-binding or protein-binding function for a ZF. It had been proposed previously that certain sequences of the linker that joins tandem ZF domains were indicative of DNA binding, particularly linkers with a sequence similar to TGEKP [30, 31] . However, as discussed in the adjoining review [15] , many ZFs involved in proteinprotein interactions (PPIs) also possess a TGEKP-like linker. We therefore performed a bioinformatics analysis to search for features that could better distinguish protein binding from DNA-binding ZF. However, it became apparent that several issues complicated our analysis of the existing ZF-DNA and ZF-protein interaction data. Among these was an uncertainty about the extent to which DNA-binding ZFs were involved in protein interactions and vice versa. Would dual-function ZFs, such as those found in Zif268/EGR1 and SP1, constitute rare exceptions or frequent occurrences? Without such basic information, it would be difficult to segregate ZFs into mutually exclusive lists to search for sequence differences.
Previous studies aimed at determining the biological roles of specific ZF proteins have introduced a bias in that only a subset of all possible interactions are investigated. In this study, we investigated the hypothesis that a less biased approach would produce a more complete description of ZF function. As a model, we analyzed the human 30-finger protein OLF-1/EBF associated zinc finger (OAZ), which contains clusters of ZFs that had been previously implicated in DNA or protein binding [32, 33] . To test our hypothesis, six clusters of OAZ ZFs were independently analyzed for DNA or protein-binding capacity by target site selection or yeast two-hybrid analysis, respectively. We observed that all six clusters were capable of specific protein interactions, but only Cluster 1 was capable of a specific DNA interaction. Our data therefore support our hypothesis that ZFs can potentially mediate more functions than are typically observed when studied in a particular biological context. We further conclude that DNA binding is a more restricted function of ZFs, while their potential for mediating protein interactions is much larger. These results suggest that the role of ZFs in mediating protein interactions has probably been underestimated and underannotated. Useful functional assignments will likely require a further exploration of ZF DNA-and/or proteinbinding capacity.
Material and Methods

Cyclical Amplification and Selection of Targets (CAST) Assays
Human full-length OAZ cDNA was provided as a kind gift from Dr. Joan Massagué at the Memorial Sloan-Kettering Cancer Center. The cDNA was subcloned into clusters corresponding to ZFs 2-5 (amino acids 78-189), 6-8 (aa 203-289), 9-13 (aa 349-533), 14-20 (aa 572-775), 21-25 (aa 826-987), and 26-30 (aa 1060-1227) by PCR amplification using primers containing appropriate restriction sites. CAST assays were conducted as described previously with minor changes detailed below [34] . Briefly, OAZ ZF clusters were inserted into the BamHI and HindIII sites of the prokaryotic expression vector pMAL-c2X (New England Biolabs), to create fusion proteins consisting of an Nterminal maltose-binding protein (MBP) and C-terminal ZF domain. Proteins were over-expressed in BL21 (DE3) E. coli (Invitrogen) after IPTG induction (0.3 mM). Proteins were purified on an amylose resin column (New England Biolabs), washed with Zinc Buffer A (ZBA; 10 mM Tris pH 7.5, 90 mM KCl, 1 mM MgCl 2 , 90 lM ZnCl 2 , 5 mM DTT), and eluted with ZBA + 10 mM maltose. Purified protein was aliquoted and stored at -80°C until use. [35] ) was also screened against the random N-21 library as a positive control. Dried gels were imaged on a Storm 860 (Molecular Dynamics). Shifted bands were excised from the gel and the DNA was eluted overnight at room temperature in elution buffer (0.1% SDS, 0.5 M NH 3 OAc, 10 mM MgOAc).
Eluted DNA was precipitated, washed with ethanol, and re-suspended in 20 lL DEPC water (Ambion). A nonradioactive PCR reaction was performed to determine the optimal number of amplification rounds, prior to a radioactive reaction to generate the next labeled library for CAST selection. Selection rounds were repeated until 50% of the input was shifted or DNA could no longer be amplified for the subsequent round (4-7 rounds). Target sequence was determined by TOPO-TA cloning amplified DNA into pCR2.1-TOPO (Invitrogen), and submitting samples to the UC Davis DNA Sequencing Facility.
Yeast Two-Hybrid Bait constructs were created by cloning each OAZ ZF cluster into the NcoI and XmaI sites of the bait vector, pGBTK7 DNA BD (Clontech). This vector appends an N-terminal GAL4 DNA-binding domain (GAL4-BD) and a C-MYC epitope tag. Cluster 3 contained an internal NcoI site, so NdeI was used instead. Following sequence verification of the insert, each bait vector was transformed into the AH109 yeast strain and grown on SD/-Trp/X-a-gal agar plates to verify transformation and reporter gene activation. Expression of GAL4-BD-ZF fusion proteins was verified by western blot using antibodies to the C-MYC epitope tag (Sigma). OAZ ZF clusters were individually screened against a commercial human fetal brain cDNA library (Clontech #638804) that had been pre-cloned into pGADT7-Rec and pre-transformed into yeast strain Y187. Screening was performed using Clontech's Matchmaker Two-Hybrid System 3 according to the manufacturer's protocol for high stringency screening. Individual colonies displaying a positive phenotype were re-struck twice on SD/-Ade/-His/-Leu/-Trp/+X-a-gal for phenotype verification, prior to DNA isolation for sequencing and co-immunoprecipitation. Yeast plasmid DNA was isolated using the Zymoprep yeast plasmid miniprep kit (Zymo Research) per the manufacturer's instruction.
Co-immunoprecipitation
Each OAZ ZF cluster was cloned into the BamHI and HindIII sites of pcDNA3.1(-) (Invitrogen), in frame with an engineered N-terminal FLAG epitope tag. Putative binding partners selected from the yeast two-hybrid library were PCR amplified using the Matchmaker 5 0 and 3 0 AD LD-insert screening amplimers (Clontech), and cloned into a pcDNA3.1(-) vector containing engineered SfiI sites and an N-terminal HA epitope tag. Full-length human Early Bcell factor (EBF) cDNA (ATCC #9891743) was also subcloned by PCR amplified (aa 221-570) and cloned into the BamHI and HindIII sites of a pcDNA3.1(-) vector containing an engineered N-terminal HA epitope tag.
HEK293T cells were cultured in Dulbecco's modification of eagle's medium (DMEM; Cellgro) with 4.5 g/L glucose and L-glutamine and without sodium pyruvate, plus 5% new born calf serum (JR Scientific) and 1X penicillin/ streptomycin/neomycin (Sigma). Prior to transfection, cells were plated at a density of 4.4 9 10 6 cells/mL on 10 cm plates. The next day, FLAG-ZF constructs were transfected into HEK293T cells with either empty pcDNA3.1(-) vector, or HA-partner pcDNA3.1(-) vector using Lipofectamine 2,000 per the manufacturer's protocol. A total of 12 lg of DNA was mixed with Lipofectamine (1:3) in 3 mL Opti-MEM 1 reduced serum media (Gibco) and incubated for 4 h at 37°C, before addition of 7 mL DMEM. After 16 h the transfection media was removed and replaced with fresh DMEM, and the cells were incubated an additional 24 h before harvesting.
After removing DMEM and washing cells twice with PBS, 1-mL ice-cold lysis buffer (10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 0.5% Triton X-100, 1x Complete EDTAfree protease inhibitor cocktail (Roche)) was added to each plate and cells were harvested by scraping with a rubber spatula. Lysed cells were transferred to a 1.5 mL microfuge tube and incubated on ice for 10 min prior to the addition of 3 M NaCl to a final concentration of 150 mM, followed by an additional incubation on ice for 5 min. Whole cell lysate was cleared by centrifugation at 14,000 rpm for 15 min at 4°C, and supernatant was transferred to a clean microfuge tube. Total protein concentration was determined by Bradford analysis. After equilibrating protein concentrations, 1 mL of sample was mixed with 40 lL of M2 anti-FLAG agarose beads (Sigma) pre-washed with TNT buffer (50 mM Tris-HCl, pH7.5, 150 mM NaCl, 0.05% Triton X-100). About 100 lM ZnCl 2 , 5 mM EDTA, or 20U TURBO DNase (Ambion) were added, where indicated, and rotated overnight at 4°C.
Beads were washed 8x with 1 mL of either 150 mM wash (50 mM Tris 7.5, 150 mM NaCl, 0.5% triton X-100, 20 lM ZnCl 2 ), 300 mM wash (50 mM Tris 7.5, 300 mM NaCl, 0.5% triton X-100, 20 lM ZnCl 2 ), or EDTA-wash (50 mM Tris 7.5, 150/300 mM NaCl, 0.5% triton X-100). Between each wash beads were collected by centrifugation at 1,000 rpm for 1 min at 4°C and supernatant was removed. After final wash, beads were re-suspended in SDS-loading buffer (50 mM Tris pH 6.8, 100 nM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol), and resolved on a 12% SDS-PAGE gel at 25 mA. Proteins were transferred to a PVDF membrane (75 mA for 1.5 h). After transfer, membrane was blocked with 5% MPT (100 mM NaH 2 PO 4 , 27 mM KCl, 1.37 mM NaCl, 0.05% Tween, 5% Nonfat dry milk), then incubated with anti-HA-HRP antibody (1:500; Sigma) for *4 h. Bands were visualized using the ECL chemiluminescence detection kit (GE Healthcare). Membranes were stripped (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl ph 6.7) and re-probed with anti-Flag-HRP antibody (1:10,000; Sigma).
Results
A Bioinformatics-Based Approach to ZF Functional Assignments
We initially tried to use hidden Markov modeling (HMM) to identify protein sequence differences between DNA-binding and protein-binding ZFs. A total of 56 DNAbinding ZFs were compiled from the public transcription factor database TRANSFAC (release 7.0, [36] ) and additional sources. Also, 72 protein-binding ZFs were obtained from the protein interaction databases BOND [37] , HPRD [38] , and MINT [39] , as well as additional sources. These lists were used as input for the HMM modeler HMMER [40] . Known cases of functional overlap, such as Zif268/ EGR1 and SP1, were treated as exceptions and excluded. No obvious pattern differences emerged from this analysis (data not shown).
There are several possible explanations for our inability to detect sequences differences between ZFs that bind protein and those that bind DNA. One concern is that the interface surfaces for protein interaction are considerably more heterogeneous than those for DNA binding. Virtually all contacts to DNA bases extend from the N-terminus of the a-helix. However, as detailed in the adjoining review [15] , C2H2 ZF-protein interaction surfaces can involve the ''DNA face'' of the helix, the side of the helix, the b-strands, or regions involving both the a-helix and the b-strands. Therefore, a simple alignment of known protein-binding ZF sequences might not be expected to reveal a protein-binding signature. A priori, we considered that there might be a limited number of protein-interaction modes; for example, the four classes mentioned above. If that were true, it might be possible to sort the proteinbinding ZF sequences into bins representing the major interaction modes. We performed cluster analysis on the ZF lists using the PHYLIP algorithm in the ClustalW program to generate phylograms [41] . However, even the best clusters found were difficult to rationalize with known interaction interfaces, and alignments of the cluster members were not obviously different from each other, DNAbinding ZF, or a mixture of protein and DNA-binding ZF (data not shown). Therefore, these experiments were also unrevealing in our hands.
In addition to the complications of detecting a ZF-protein-binding signature, our inability to distinguish proteinbinding ZFs from DNA-binding ZFs raised concerns about the functional annotations of the C2H2 domains in our data sets. Most of the database entries came from studies that did not attempt a rigorous identification of the full potential functionality of the ZFs. A typical ZF-protein interaction study would identify a ZF protein in a yeast two-hybrid assay, and then implicate the role of particular ZFs by deletion analysis. However, such studies rarely investigated, for example, if the protein-binding fingers might support DNA-binding in a different context. Based on these concerns, we postulated that many ZFs might have sequence features that allowed them to perform multiple functional roles. We therefore decided to investigate the hypothesis that the functional roles of ZFs could be more accurately revealed by using an approach that was less biased by a known set of interacting partners or biological pathways.
hOAZ-DNA Interactions Detected by CAST Assay Our experimental design for the unbiased elucidation of potential ZF functions was to expose ZFs to all possible DNA or protein sequences and select for interacting pairs. In the case of DNA, this objective can be easily accomplished using a target site selection assay such as cyclical amplification and selection of targets (CAST, [34] ). In this assay, purified ZF protein is exposed to a library of short double-stranded DNA molecules. Bound ZF-DNA complexes are separated in an electromobility shift assay (EMSA). The bound DNA is then recovered and re-amplified for additional rounds of selection or sequenced to determine the preferred ZF binding sites. Here we randomized a 21 bp region of DNA, producing a library of 4 21 or 4.4 9 10 12 DNA sequences. Since each ZF recognizes a 3 bp site (or a 4 bp overlapping site), a DNA library of this size would present every possible DNA binding site to a protein containing up to seven ZFs. Although some proteins have been shown to require only two ZFs for DNA binding [42] , typically three or more fingers are required for high affinity binding. Cluster sizes therefore needed to contain no less than three fingers and no more than seven.
For these experiments we wanted to analyze a protein that contained known examples of DNA-and proteinbinding ZFs. The human O/E-1-associated zinc finger protein (hOAZ) was one of the first proteins recognized for its ability to mediate PPIs with its C2H2 domains. A large ZF protein containing 30 C2H2 domains arranged into six clusters (Fig. 1) , hOAZ uses different sets of ZFs to interact with DNA, homodimerize, and to interact with other proteins [32, 33, 43] . The six clusters of hOAZ, corresponding to ZFs 2-5, 6-8, 9-13, 14-20, 21-25, and 26-30, were subcloned, purified from bacteria as fusions with MBP, and applied to CAST analysis. As a positive control for these experiments, a well-characterized 6-ZF protein, Aart, was also purified as an MBP fusion and used in the CAST assay [35] . This protein not only controls for the technical aspects of the experiment, but also produces a strong enrichment of its preferred target in the early rounds of selection due it is unusually high affinity (70 pM). The visible band of shifted DNA serves to indicate the position of the nearly invisible bands of shifted DNA in samples with proteins of lower affinity.
After four rounds of selection, a substantial portion of the probe DNA was shifted by Aart positive control protein (Fig. 2) . Only faint bands of shifted DNA were visible in the samples containing Clusters 1-6, which could have been due to either specific or non-specific ZF-DNA interactions. However, it was no longer possible to amplify the Fig. 1 Schematic representation of the human OAZ protein. The 30 C2H2 zinc finger domains are indicated by rectangles. Brackets above indicate previously described functions of zinc fingers [27, 28] . The ZF clusters used in this study are indicated. The aligned amino acid sequence of hOAZ is shown below the schematic, with clusters and ZFs labeled. Positions -1 to 6 of the a-helix, which are important for DNA binding, and the linker regions are indicated. Conserved cysteines and histidines are highlighted Fig. 2 CAST analysis of specific DNA-binding activity. TOP: After 4 rounds of CAST, the autoradiogram shows that some portion of the labeled DNA library is still present in the assay (lower band), but very little is bound by the six clusters of zinc fingers (C1-C6). In contrast, a large proportion of labeled DNA is clearly bound (upper band) by the positive control protein Aart (+). BOTTOM: After 7 rounds of CAST, a large portion of the DNA in the Cluster 1 sample and nearly all the DNA in the positive control sample is bound to protein, indicating a strong enrichment for binding sites in these samples. None of the other clusters contained bound or unbound library DNA (not shown), indicating the interactions were too weak to allow for selection and subsequent amplification excised shifted DNA for Clusters 2-6 in subsequent rounds (data not shown), suggesting the observed bands did not represent specific interactions and were not selected subsequently. These results indicated that Clusters 2-6 were unable to bind specific DNA sequences under these experimental conditions. In contrast, the shifted DNA in the sample containing Cluster 1 continued to intensify in subsequent rounds, indicating positive selection of specific targets. After seven rounds of selection, 15 random clones of the Cluster 1 output were sequenced and revealed a consensus sequence of 5 0 -TGGGTGTCA-3 0 (Fig. 3) .
hOAZ-Protein Interactions Detected by Yeast TwoHybrid Assay
In comparison to DNA, it is not possible to expose a set of ZFs to all possible protein sequences. The combinatorial permutations using 20 amino acids are vast. Unlike the largely 2-dimensional major groove of DNA, a PPI surface is typically a large (&800 Å 2 ) 3-dimensional structure composed of any number of secondary structural elements [44, 45] . As a practical approach, we used the yeast twohybrid method to screen a large commercial library from human fetal brain (Clontech). This tissue was chosen because it is among the most highly complex in terms of the number of genes expressed within it [46] . The library contained approximately 3.5 9 10 6 independent clones, which represents the upper limit of the yeast two-hybrid assay. Each of the six hOAZ clusters were subcloned into the Matchmaker Two-Hybrid 3 bait vector (Clontech) and checked for protein expression and autoactivation. The clusters were then examined in the yeast two-hybrid assay.
We observed that all clusters tested positive for protein interactions, after multiple rounds of re-streaking to retest phenotypes, as indicated by blue colony growth on media that was adenine -, histidine -, leucine -, tryptophan -, and X-a-gal + (Table 1) . Approximately 10 random positive colonies from each cluster were sequenced to sample the identities of the putative interacting proteins (Table 2) .
Several results from the yeast two-hybrid assay seemed striking. Tsai and Reed [33, 43] showed that Cluster 6 of the rat OAZ homolog was responsible for protein interactions with itself as well as OLF/EBF. We were therefore surprised that neither hOAZ nor EBF were among the 14 positive clones for Cluster 6. Similarly surprising was that Cluster 1, which was shown both here and by Tsai and Reed [33] to interact with DNA, produced more than 80 positive yeast colonies. However, the yeast two-hybrid assay is associated with a high rate of false-positives. We therefore chose to verify a sample of the putative proteininteractions involving Clusters 1 and 6 by the independent method of mammalian cell co-immunoprecipitation.
Verification of Select Protein Interactions by Mammalian Cell Co-immunoprecipitation
The ZF clusters were subcloned into the mammalian expression vector pcDNA 3.1(-) containing an N-terminal FLAG-epitope tag. The putative binding partners were subcloned into pcDNA 3.1(-) containing an N-terminal HA-epitope tag. For experiments with Cluster 1, we found the putative partner XRCC6 to be particularly interesting since it is known to be involved in V(D)J recombination and hOAZ has a demonstrated role in B-cell maturation [33, 43, 47] . For experiments with Cluster 6, we tested RNF157, an uncharacterized putative partner isolated from the yeast two-hybrid assay. As a positive control, we used amino acids 221-570 of the protein EBF, which had been previously shown to interact with Cluster 6 in the rat homolog rOAZ [33, 43] . Plasmids expressing FLAG- b Not all colonies were re-struck. Original plates had 508 colonies; *50 were re-struck, only a subset of the original colonies, roughly 38% grew on third plate tagged ZF clusters were co-transfected into the cell line HEK263T with an equal amount of either HA-tagged putative partner or empty vector. After harvesting cells, protein complexes were immunoprecipitated with anti-FLAG beads, resolved on a 12% SDS-PAGE gel, and transferred to a PVDF membrane for visualization using anti-HA antibodies. The co-immunoprecipitation assay in HEK293T cells verified the interaction of both Cluster 1 with XRCC6 (Fig. 4a ) and Cluster 6 with EBF and RNF157 (Fig. 4b) . No significant interactions were observed for the reciprocal combinations of Cluster 1 with RNF157 and Cluster 6 with XRCC6 (data not shown).
The Observed Protein Interactions are Dependent on Zinc
To further examine if the proper folding of the ZFs was important to the interaction, we repeated the co-immunoprecipitations in the presence of 5 mM EDTA. This method had been shown previously to chelate the zinc ions and disrupt the ZFs' activity [33] . Addition of EDTA abolished the interaction between RNF157 and Cluster 6 demonstrating the importance of an intact C2H2 domain to this interaction (Fig. 4b) . Although the Cluster 6-EBF and Cluster 1-XRCC5 interactions were not completely abolished by the addition of EDTA, the interactions were reduced to background levels. This result suggested that HEK293T cells were co-transfected with (a) FLAG-tagged Cluster 1 and HA-tagged XRCC6, (b) FLAG-tagged cluster 6 and HA-tagged RNF157 or HA-tagged EBF DNA, followed by immunoprecipitation using anti-FLAG agarose beads, and probing with anti-HA (top panels) or anti-FLAG (lower panels) antibodies. About 5 mM EDTA or 20 U DNAse (+/-) was added to the whole cell lysates prior to immunoprecipitation, as indicated. Experiments were repeated a minimum of 3 times and results presented here are representative proper folding of the ZFs was important to these interactions ( Fig. 4a and b) .
The Observed Protein Interactions are not Dependent on DNA Both Cluster 1 and XRCC6 are known to bind DNA. It was therefore possible that the observed protein interaction was actually mediated by the simultaneous binding to an unexpected DNA. EBF also has a DNA binding domain. The DNA-binding capability of RNF157 is unknown, and Cluster 6 was found in this study not to interact with DNA. The DNA-dependence of all four protein interactions was tested by adding 20 U of DNase to the co-immunoprecipitation reaction, based on similar previous experiments [48] . Although somewhat reduced overall, XRCC6 clearly co-precipitated with Cluster 1 compared to background (Fig. 4a) . These results indicate that the interaction between Cluster 1 and XRCC5 is likely not DNA-dependent. As expected, the addition of 20 U of DNase had no effect on the interaction between Cluster 6 and either EBF or RNF157 (Fig. 4b) .
Discussion
C2H2 ZF domains are well known as the DNA binding domains in many transcription factors. A DNA-binding function is frequently assumed for uncharacterized domains, especially in high-throughput and bioinformaticsbased assays. However, some ZFs are also known to mediate interactions with RNA and proteins. This study focused on the protein-binding potential of C2H2 ZF domains, due to our long-term interests in evaluating ZF PPIs as a novel class of specific drug targets. Transcription factors have traditionally been poor drug targets because the DNA-protein interface is often large, and neither the DNA nor the interacting surface of the protein presents a well-defined binding pocket for small molecule binding.
On the other hand, many transcription factors also participate in PPIs, which are more likely candidates for drug targeting [49, 50] . To avoid common protein interaction motifs such as the KRAB domain, which is found on a third of all ZF proteins [51] , we decided to study PPIs mediated by the ZFs themselves. ZF-RNA interactions, which might also be useful as specific therapeutic targets, were not examined. In part, this was because even less is know about these interactions. Only a handful of examples have been described [11, 12] , and structures of the well-characterized TFIIIA-5S RNA interaction have only recently been reported [13, 14] . Like C2H2 PPIs, the role of ZF-RNA interactions has probably been underappreciated and deserves further investigation.
Our initial attempts to create algorithms that could predict the protein or DNA binding behavior of uncharacterized ZFs were unsuccessful. There are several possible explanations for our inability to detect sequence differences between ZFs that bind protein and those that bind DNA. As discussed in greater detail in the accompanying review article [15] , there are significant differences in the binding interfaces used by C2H2 domains for interacting with DNA compared to protein. Virtually all C2H2 ZF-DNA interactions rely on a small number of amino acids localized in the N-terminus of the a-helix. ZF-protein interaction surfaces are larger, and rely on a greater diversity of amino acids that can be located anywhere on the surface of the fold [52] . Our inability to detect a protein-binding signature from aligned protein-binding ZF sequences, or even clusters of sequences, could be interpreted to indicate that the diversity of binding interfaces is quite large. The heterogeneous nature of protein interaction surfaces could be the major reason for the failure of the HMM approach. However, it was still not obvious to us why an 'averaged' alignment of diverse protein-binding ZFs would necessarily look similar to an alignment of DNA-binding ZFs.
Another explanation for our failure to detect a ''proteinbinding signature'' was that several of the ZFs might in fact have more than one function. We further hypothesized that a less biased functional analysis could reveal these additional functions. We therefore attempted to directly investigate the ability of clusters of ZF domains from a model protein, hOAZ, to interact with DNA or protein. The human O/E-1-associated zinc finger protein is a large ZF protein containing 30 C2H2 domains arranged into six clusters (Fig. 1) . It uses different sets of ZFs to interact with DNA, homodimerize, and to interact with other proteins [32, 33, 43] . Working with the rat ortholog, rOAZ, Tsai and Reed [33, 43] determined that fingers 1-7 (Clusters 1 and 2) bind DNA, and fingers 25-29 (Cluster 6) mediate homodimerization as well as an interaction with Olf-1/Early B-cell Factor (OLF1/EBF). More recently, Hata et al. [32] reported fingers 9-13 (Cluster 3) of hOAZ bound to a different DNA target than the target of the Nterminal Cluster 1. They also reported that hOAZ interacted with SMA and MAD related protein (SMAD) 1 and SMAD 4 using fingers 14-19 (Cluster 4) [32] . Importantly, they found that hOAZ interaction with O/E-1 inhibited hOAZ-SMAD1/4 interactions, suggesting that these are two separate transcriptional pathways [32] . The function of Cluster 5, comprising fingers 21-25, is unknown.
We used two library-based methods, CAST and yeast two-hybrid, to expose the domains to a wide variety of potential DNA and protein-interaction partners. These experiments were designed to avoid any pre-conceived expectations of the function of the ZFs. However, we acknowledge that there are several limitations to this approach. An interaction partner might be poorly represented or absent from the fetal brain library. This might be a reasonable explanation for our failure to detect the expected Cluster 6-EBF interaction in our yeast two-hybrid assay. Some interactions may require specific post-translational modifications, or might only occur in certain cell types in response to particular stimuli. This could explain our failure to detect the expected Cluster 4-SMAD protein interaction, which had been shown to be dependent on the activation of bone morphogenetic protein (BMP) [32] . Finally, despite our use of clusters containing 3-7 fingers to maximize the opportunity for interactions, some interactions may require additional fingers of hOAZ. Hata et al. [32] demonstrated binding of a fragment containing Clusters 2 and 3 to a BMP response element DNA binding site that was independent of BMP stimulation. Our separation of these clusters may explain why Cluster 3 was not observed to bind DNA in our CAST assay.
The CAST assay only detected DNA binding by Cluster 1, which selected a consensus binding site of 5 0 -TGGGTGTCA-3 0 . These results are consistent with the findings of Tsai and Reed [33] , who detected a palindromic consensus sequence of 5
by CAST assay using the full-length rat homolog of OAZ (similarities underlined). They also demonstrated homodimerization mediated by the equivalent of Cluster 6, and speculated that selection of a palindromic DNA binding sequence was dependent on homodimerization. Here we separated the DNA binding domain (Cluster 1) from the homodimerization domain (Cluster 6), and thus likely selected for only half of the palindrome. In principle, the limitations of our approach could have diminished our ability to detect either DNA or protein interactions. However, in contrast to the paucity of DNAinteractions observed, we were able to select several potential protein-interaction partners for all clusters in our yeast two-hybrid assay. The yeast two-hybrid assay itself has several limitations, such as a high rate of false-positives [53] . For this reason, hits identified in a yeast twohybrid assay are frequently verified using a different method such as mammalian cell co-immunoprecipitation. We chose to not verify all 47 hits listed in Table 2 and instead decided to examine a few examples in some depth to illustrate key points. Our co-immunoprecipitation results confirmed the interaction between Cluster 1 and XRCC6. Although the biological significance of the interaction was not examined here, XRCC6 has been observed to interact with C2H2 ZFs in other transcription factors [54] . We also confirmed a novel interaction between Cluster 6 and RNF157, possibly suggesting an additional function of hOAZ. However, since RNF157 is functionally uncharacterized, the biological significance of the interaction remains elusive. We confirmed that, like their rat homologs, human OAZ and human EBF also interact through Cluster 6. Addition of DNase did not disrupt any of the interactions, but all were found to be sensitive to disruption by EDTA. These results indicate that the PPIs were not facilitated by the presence of DNA, and that a folded C2H2 domain was required for the interaction.
These data support our hypothesis that unanticipated functional information can be obtained by using a less biased approach, and that some ZFs that were determined to have a particular function in one context may in fact be capable of supporting other types of interactions. If further studies were to find these conclusions to be generally true for C2H2 ZFs in other proteins, it would suggest that a simple algorithm for predicting a DNA-or protein-binding function might be impossible, and perhaps meaningless.
Finally, the finding that putative protein interactions were observed (albeit largely unverified) for all ZF clusters, but DNA interactions were only observed for one cluster, strongly supports the conclusion that DNA binding is likely a more restricted function of ZFs while their potential for mediating protein binding is likely greater. In some respects, this conclusion is obvious. There are a wide variety of ZF protein-interaction interaction surfaces [15] , while ZF DNAinteractions are restricted to the N-terminus of the a-helix and the major groove of DNA [3] . This conclusion is also supported by the observations of others, such as Mackay [55] , who recently pointed out that in some cases ''a single classical ZF is capable of mediating PPIs, and that an array of such domains is necessary for high affinity DNA binding.'' However, if the potential of C2H2 ZFs for mediating protein interactions is indeed greater than their potential for DNA binding, it would suggest a dramatic reevaluation of our understanding of ZF function. The role of ZFs in protein binding has probably been underestimated and under-annotated. The possibility of developing ZF PPIs as a new class of drug targets, or designing custom ZFs protein-binding domains, has probably been underappreciated. It is therefore critical that future studies of C2H2 domains consider protein binding as well as DNA binding, so that we can gain better insights into the biology of one of the largest protein superfamilies of found in nature.
